Psoralens, a class of photochemotherapeutic agents used in the treatment of the skin disease psoriasis (Parrish et al. 1974) , are important probes for genome structures of living organisms because of their ability to covalently cross-link double helices of DNA (Dall'Acqua et al. 1970; Cole 1970) , RNA (Isaacs et ai. 1977) , and DNA-RNA hybrid helices .
In the dark, psoralens intercalate into DNA helices (Dall'Acqua and Rodighiero 1966; Dall'Acqua et al. 1968) . Upon irradiation with long-wavelength ultraviolet (UV) light (360 nm), psoralens react with DNA, forming putative covalent cyclobutane bridges between the 3,4-or 4',5'-double bond of the psoralen and the 5,6-double bond of pyrimidine bases adjacent to the intercalary psoralen (Musajo et al. 1967a,b) . If the psoralen molecule intercalates between 2 base pairs in which the pyrimidines are on opposite strands, and if one of the two pyrimidines photoreacts with the 4',5'-double bond of the intercalary psoralen, then the second pyrimidine can react covalently with the 3,4-double bond and form a covalent interstrand cross-link (diadduct) (Dall'Acqua et al. 1971) .
Recently, the photochemical cross-linking reaction has been used to probe chromatin structure in Drosophila melanogasternuclei (Hanson et al. 1976) .
By photoreacting the nuclei with the psoralen derivative, trioxsalen, and completely denaturing the in situ cross-linked DNA molecules, we have been able to visualize the positions of the cross-links directly under the electron microscope. We found that most of the DNA regions protected from the photochemical cross-linking have a size of 180-200 base pairs, which is the length of DNA associated with the chromatin subunit, the nucleosome (Hewish and Burgoyne 1973; Axel et al. 1973; Olins and Olins 1974; Kornberg 1974; Van Holde et al. 1974; Oudet et al. 1975) . Subsequently, Wiesehahn et al. (1977) showed that indeed most of these in situ cross-links form in the internucleosome regions on D. rnelanogaster chromatin. Thus, the combination of in situ crosslinking and denaturation electron microscopy serves as a unique method of preserving a linear record of the protected regions of DNA in nuclei or cells.
We will report here on detailed studies of the pho- Endow et al. [1975] .) (2) Since the trioxsalen molecules have been shown to stabilize hairpins or cruciforms formed from inverted repeats (Cech and Pardue 1976; Hearst 1976, 1977a) , the question of whether such structures exist in the nuclei can be addressed. Such hairpins might be unstable under the conditions of DNA isolation, but, after fixation by the cross-linking reaction, detection by electron microscopy might be feasible. (3) To what extent are the five D. rnelanogaster DNA components protected from the photochemical reaction when they are in the interphase nuclei? Are the four simplesequence DNAs protected in different ways than the complex bulk DNA? Are they different from each other with respect to the distribution of cross-links? The answers to these questions provide evidence for structural differences between heterochromatin and euchromatin in eukaryotic cells.
EXPERIMENTAL PROCEDURES
Isolation of nuclei and nuclear DNA from D. melanogaster embryos. D. melanogaster embryos 20-24 hours old were collected and washed with PBS buffer (0.15 M NaC1, 0.0075 M Na~HPO4, 0.0075 M NaH2PO4, pH 7.0). The eggs were suspended in NaC10 solution (2.5%) for 2 minutes to dechorionate the eggs. Dechorionated embryos were washed with PBS buffer and with 95% ethanol. They were then suspended in 0.3 M sucrose, 0.1 M NaC1, 0.01 M NaHSOs, 0.01 M Tris-HC1, pH 7.3, and homogenized in a Potter Elvehjem tissue grinder with a motordriven Teflon pestle. The solution was centrifuged at 1000g for 5 minutes and the resulting pellet was resuspended in 0.3 M sucrose, 0.005 M Tris-HC1, pH 7.0. It was then homogenized in a Dounce homogenizer with a B pestle, and the nuclei were pelleted at 1000g for 5 minutes. After one more resuspension and homogenization in 0.3 M sucrose, 0.005 M Tris-HC1, the nuclei were filtered through a nylon cloth and pelleted at 1000g.
DNA was isolated from nuclei, with or without the cross-linking reaction, as described previously (Shen and Hearst 1977b) .
The actinomycin D (Act D)-CsC1 density gradient centrifugation of non-cross-linked DNA was performed as described before (Peacock et al. 1974; Shen and Hearst 1977b) . For DNA isolated from crosslinked nuclei, 20 ml of a solution containing 640 tag DNA and 300 pg Act D was made 1.63 g/cc in CsC1 and centrifuged in one tube in a 60 Ti rotor at 40,000 rpm for 60 hours. Pooled fractions from the Act D-CsC1 density gradients were extracted with n-butyl alcohol and dialyzed against TE buffer (0.01 M Tris-HCI, 0.001 M EDTA, pH 8.0).
Preparative cesium-formate density gradients. The
Cs-formate density gradient has been used to separate D. rnelanogaster DNA components ) because DNAs of different GC composition are resolved in Cs-formate gradients better than in CsC1 gradients (Hearst and Schmid 1973) . In all cases, 4 ml of 0.01 ~t Tris-HC1, 0.001 M EDTA (pH 8.0) solution containing 10-100 pg DNA was adjusted to the desired densities (non-cross-linked DNA, ~1.744 g/cc; in situ cross-linked DNA, 1.720 g/cc) by adding the appropriate amount of solid Cs-formate (optical grade; Harshaw Chemical Co.).
The DNA solution in Cs-formate was then centrifuged to equilibrium in a Beckman angular 65 tube at 40,000 rpm, 20~ for 60 hours. Fractions were pooled and dialyzed against TE buffer.
Determination of buoyant densities in the analytical ultracentrifuge. Buoyant densities (p) of DNA in neutral CsCI were determined by first adjusting the solutions to appropriate densities with CsC1 (Harshaw Chemical Co.) and then banding them in a Beckman Model E analytical ultracentrifuge at 42,000 rpm, 20~ for 24 hours. Micrococcus lysodeikt/cus DNA (p = 1.733 g/ee) was used as the density marker in most eases. Sometimes the D. melanogaster main-band DNA (p = 1.701 g/ee) or satellite II (p = 1.686 g/ec) was used as a marker for crosslinked samples of very low buoyant densities. The calculation of buoyant densities has been described before (Hearst and Sehmid 1973) .
Photochemical cross-linking of purified DNAs of D.
melanogaster. DNAs purified from the Act D-CsC1 and/or Cs-formate density gradients were each adjusted to a concentration of 10 gg/ml in SSC (0.15 M NaC1, 0.015 M Na citrate, pH 8.0) and irradiated for 20 minutes, in the presence of 2 pg/ml SH-labeled trioxsalen (sp. act. = 63,000 cpm/pg), with a longwavelength UV light with an intensity of 25 mW/ cm 2 (Wiesehahn et al. 1977) . Because of the photodestruction of free trioxsalen (Isaacs et al. 1977) , repeated additions of the drug and irradiation were necessary (see Results).
Photochemical cross-linking olD. melanogaster DN.4 inside nuclei. D. melanogaster nuclei isolated from 6 g of embryos were washed and resuspended in 36 ml of SSC solution made 3 pg/ml in SH-labeled trioxsalen (1 mg/ml stock in 100% ethanol, 71,000 cpm/pg) and irradiated with long-wavelength UV light at 18~ for 8 hours in the UV apparatus described by Hanson et al. (1976) . After each hour of irradiation, 5-ml aliquots were taken out and 3 pg/ ml of fresh trioxsalen was added to the reaction mixture for continued irradiation. After the photochemical reaction, samples of cross-linked nuclei were pelleted at 1000g and the DNA was isolated as described above.
Determination of amount of covalently bound trioxsalen. ARer the cross-linking reaction, free trioxsalen was removed from the DNA samples and the amount of covalently bound trioxsalen was determined from the UV absorbance at 265 nm and tritium radioactivity as described previously (Wiesehahn et al. 1977; Isaacs et al. 1977) . This method of calculation probably overestimates the amount of covalently bound trioxsalen per base pair. We used 14C-labeled DNA as substrate for the photochemical reaction and found that the absorbance of DNA at 265 nm could be suppressed as much as 10% upon the covalent binding of trioxsalen (C.-K. J. Shen and J. E. Hearst, unpubl.) .
Electron microscopy. Native spreading was done in 40% formamide, 0.1 M Tris-HC1, 0.01 M EDTA (pH 8.4), according to Davis et al. (1971) . To visualize the cross-links, DNA was totally denatured in buffers containing formaldehyde and a high concentration of formamide and then spread as described previously (Shen and Hearst 1977b) . The sizes of the loops and double-stranded segments in the denatured molecules were measured and analyzed as described by Wiesehahn et al. (1977) . Singlestranded fd DNA has been used as the length marker for both single-stranded and apparently doublestranded regions of denatured molecules.
RESULTS

Isolation of Main-band and Satellite DNAs of 1). melanogaster
It was first shown by Peacock et al. (1974) that four simple-sequence satellites could be resolved from the bulk DNA of D. rnelanogaster by combined use of Act D-CsC1 and netropsin-CsC1 density gradients. Ag+-Cs2SO4 and Cs-formate density gradients have also been used to fractionate these satellite DNAs (Endow et al. 1975; . In this study we combined Act D-CsC1 and Cs-formate density gradients and were able to get reasonably purified satellite and main-band DNAs. Figure nuclear DNA in an Act D-CsC1 density gradient. Fractions 13-16, which contained satellite IV, were pooled and dialyzed against TE buffer. Fractions 18-21 were known to contain satellite I and satellite II. They were purified from the Act INCsC1 gradient, as described in Experimental Procedures, and put into a Cs-formate density gradient ( 
Photochemical Cross-linking of Isolated D. melanogaster DNA Components
The purffied main-band DNA ( Fig. 2b ) was photochemically saturated with 3H-labeled trioxsaien by adding 2 Ilg/ml of %I-labeled trioxsalen after each irradiation period of 20 minutes. Figure 3a shows the number of base pairs per covalently bound trioxsalen as a function of the number of additions of the drug. As can be seen, a saturation level of approximately 5 (base pairs/covalently bound trioxsalen) is reached after six additions.
Samples of cross-linked main-band DNA after each addition have been analyzed in the Model E ultracentrifuge. It was found that the buoyant density decreases as more trioxsalen molecules bind to the main-band DNA, with a value of buoyant density change of--0.162 g/cc per trioxsalen/base pair (Fig.  3b) . This magnitude is slightly lower than that for satellite-IV DNA of D. melanogaster, for which we found a value of--0.182 g/cc per trioxsalen/base pair (Shen and Hearst 1977b) .
Because large amounts of purffied satellite DNAs were not available, the saturation curves have not been established for them except in the case of satellife IV (Shen and Hearst 1977b ). However, we have reacted satellites I, II, and III extensively by irradiating each of them by the addition of 2 pg/ml ~H-labeled trioxsalen every 20 minutes and then determining the amounts of covalently bound trioxsalen after 140 minutes of irradiation. Note that this treatment was sufficient to allow the main-band DNA to react with trioxsalen to saturation (Fig. 3a) . The five purified D. melanogaster DNA components extensively cross-linked in vitro were spread for electron microscopy in 40% formamide and 0.1 M Tris-HC1 (pH 8.4). They appeared on the grids as linear double-stranded molecules. After denaturation at 37~ in 70% formamide and 1.8% formaldehyde, satellite IV saturated with trioxsalen had mostly loops of sizes 250 +-50 and 500-+ 50 nucleotides. The number-average size of the loops was 520 nucleotides. This indicates that the sites cross-linkable by trioxsalen are distributed nonrandomly and that a long-range sequence order exists in this satellite (Shen and Hearst 1977b) . On the other hand, main-band DNA and satellites I, II, and III all showed complete double-strandedness with very few observable small loops after denaturation. This means that the adjacent cross-links in these extensively treated DNA components are so close to each other (less than 300/k) that they cannot be resolved by the protein monolayer spreading technique. 
Accessibility of Main-band and Satellite DNAs to the Photochemical Reaction In Situ
To determine the extent to which each DNA component of D. melanogaster is protected from the in situ photoreaction, we have prepared a large quantity of DNA which had been cross-linked in situ to saturation with trioxsalen (62 base pairs/covalently bound trioxsalen). Because only 1.6% of the base pairs have reacted with trioxsalen, it is still possible to subject this in situ cross-linked DNA to various density gradients in order to purify the five DNA components of cross-linked D. melanogaster nuclei.
We have used exactly the same procedures as shown in Figure 1 to isolate the in situ cross-linked mainband and satellite DNAs, except that the starting densities of the buoyant solutions were lower. The resulting equilibrium profiles of the preparative Act D-CsC1 and Cs-formate density gradients are similar to those of non-cross-linked DNA, and the isolated main-band and satellite DNAs cross-linked in situ have been analyzed in the analytical ultracentrifuge (Fig. 5) . It is concluded that the five in situ crosslinked D. rnelanogaster DNA components have been reasonably purified and most of them have lower buoyant densities in CsC1 than the native ones. This is most likely caused by the covalent binding oftrioxsalen to the DNA. From the absorbance at 265 nm and the DNAassociated radioactivity, the trioxsalen binding (base pairs/covalently bound trioxsalen) has been estimated to be 62, 31, 39, 93, and 128 for main-band and satellites I, II, III, and IV, respectively. Table  2 lists the buoyant densities and the percentage of covalent binding sites accessible in situ for these five components. It is clear that satellites I and II are slightly more accessible to the photoreaction, whereas satellites III and IV are more protected in 
Native and Denaturation Electron Microscopy of In Situ Cross-linked D. melanogaster D N A
When the five in situ cross-linked DNA components were spread in 40% formamide and 0.1 M Tris-HC1 (pH 8.4), only linear double-stranded molecules were seen in each of the five samples.
Denaturation microscopy has also been used to investigate the distribution of the interstrand crosslinks in chromatin. When in situ cross-linked D. melanogaster DNA samples which had been irradiated for 2, 3, and 8 hours (Fig. 4) were denatured by formaldehyde and formamide, loops and apparently double-stranded regions were observed on all of the molecules. Examples of the denatured molecules are shown in Figure 6 . The average size of the loops decreases with the irradiation, and the percentage of the apparently double-stranded regions increases. These data have been analyzed and are presented in tides (Fig. 7a,b) . The DNA sample saturated in situ by trioxsalen has only two major peaks in the distribution (Fig. 7c) . They occur at approximately 180 + 20 and 360 + 40 nucleotides, respectively. This nonrandom distribution of loop sizes in in situ crosslinked DNA is consistent with our previous results ( Hanson et al. 1976 ) and suggests that most of the DNA inside nuclei is protected from the reaction of cross-link formation at regular intervals of 180-200 base pairs. Approximately 28% of the in situ saturated DNA appeared to be double-stranded after denaturation, and there was no distinct pattern in the distribution of the sizes of these double-stranded regions (Fig. 8a,b,c) . The five resolved DNA fractions cross-linked in situ have also been spread under denaturing conditions. The main-band DNA and satellite III have similar denaturation patterns to the total DNA (photographs not shown). The molecules of cross-linked and denatured satellites I and II have small loops separated by apparent double-stranded regions, whose sizes range from one-hundred to a few thousand base pairs (Fig. 9a,b) . Most molecules in satellite IV are long single-stranded DNA or DNA with very large loops (Fig. 9c) .
Distributions of lnterstrand Cross-links of the Five
In Situ Cross-linked DNA Components Figure 10 shows the loop-size distributions of the in situ cross-linked DNAs. Main-band DNA (results not shown) as well as satellite III (Fig 10c) have essentially the same distribution of cross-links as the total DNA. This indicates that the trioxsalencross-linkable sites in the chromatin of satellite III (Fig. 10a,b) . A major peak of sizes 100-140 base pairs is seen in satellite I (Fig.  10a) , whereas satellite II has two broad peaks located at 100-160 and 220-320 base pairs, respectively (Fig. 10b) . Because of the relatively long distance between every two adjacent cross-links, a loop-size distribution has not been measured for the in situ cross-linked satellite IV. Instead, the mean size of the loops has been calculated for this satellite. A value of approximately 10,000 nucleotides was obtained from 30 denatured molecules. Since the number-average spacing between adjacent cross-links of satellite IV saturated in vitro with trioxsalen is 520 nucleotides (Shen and Hearst 1977b) , only 5% of the in vitro cross-linkable sites are accessible in situ. This is probably an overestimate because there are quite a few long single-stranded DNA molecules in the denatured sample of in situ cross-linked satellite IV. The size distributions of the double-stranded regions have also been examined (Fig. 11) . Of these, main-band DNA and satellite III show random pat- terns which can be approximated by the Poisson distribution (Fig. lla,d ). Denatured satellites I and II croswlinked in situ have much higher percentages of double-strandedness: 87% and 77% for satellites I and II, respectively. Their size distributions are shown in Figure 11 b and c. It can be seen that beth satellites display in their distributions broad peaks that are centered approximately at 250, 500, 750 base pairs, etc. The possible significance of this periodicity will be discussed below.
DISCUSSION
The structures of isolated chromatin or chromatin inside nuclei have been studied by a variety of approaches, such as nuclease digestion (Clark and Felsenfeld 1971) , methylation in vitro (Bloch and Cedar 1976) , and noncovalent binding of dye molecules (Miura and Ohba 1967; Lurquin and Seligy 1972; Brodie et al. 1975 ). The photochemical cross-linking reaction of DNA by trioxsaien possesses several characteristics that make it a useful probe for the chromatin structure in situ or in vivo. First, this small molecule penetrates cells or nuclei very easily. Second, the formation of covalent monoadducts or diadducts (interstrand cross-links) to pyrimidines of DNA generates a permanent record of the in situ or in vivo accessible sites of DNA to the photoreaction, i.e., the less-protected regions of DNA in the chromatin. Finally, the psoralen presumably sees the most native structures ofchromatin because the photoreaction is performed before the isolation of chromatin which may introduce appreciable alterations in the chromatin structure.
We have found in the control experiments that both main-band and satellite DNAs of D. rnelanogaster react covalently with trioxsalen to the extent of 3-5 base pairs per covalently bound trioxsalen. These values are close to the saturation values obtained for proflavin (Peacocke and Skerrett 1956) , ethidium bromide (Waring 1965) , and toluidine blue (Miura and Ohba 1967) during their primary binding to the DNA helix. It is very likely that most, if not all, of the covalently bound trioxsalen molecules photoreact with DNA by first intercalating between the base pairs, as has been proposed for other dye molecules (Lerman 1961) as well as for the psoralens (Dall'Acqua et al. 1968; Cole 1970; Isaacs et al. 1977) . The denaturation microscopy showed that the average distance of adjacent cross-links in each of the four DNA components (except satellite IV) saturated in vitro by trioxsalen is less than 300/~. Photochemical cross-linking of satellite IV was studied previously (Shen and Hearst 1977b) . It was shown that trioxsalen-cross-linkable sites occur in satellite IV at spacings of 250 +-50 and 500 +-50 base pairs, and a model of satellite DNA evolution was proposed to explain the regular distribution of cross-links in this satellite DNA.
Our in situ cross-linking data of total D. melanogaster DNA are consistent with the data from previous studies (Hanson et al. 1976; Wiesehahn et al. 1977) in that 8-10% of the trioxsalen binding sites on purified DNA are accessible to the photoreaction in situ and the cross-links or clusters of cross-links occur at spacings of 180-200 base pairs. We have also found that extensively cross-linked nuclei could be digested by micrococcal nuclease to yield specific DNA band patterns on polyacrylamide gels, similar to those of non-cross-linked nuclei (Wiesehahn et al. 1977 ; C.-K. J. Shen and J. E. Hearst, unpubl.) . This suggests that the extensive photoreaction did not alter appreciably the chromatin structure, in the sense that its accessibility to the micrococcal nuclease has been preserved. However, the saturation-binding value of cross-linked nuclei we have obtained (one covalently bound trioxsalen per 60-65 base pairs) is about 50% lower than that found by Wiesehahn et al. (1977) (one trioxsalen/40 base pairs). One or several of the following possibilities may be responsible for the difference. First, the details of the isolation procedures for the nuclei are different. Second, Wiesehahn et al. (1977) repeatedly pelleted the nuclei during irradiation, whereas we constantly agitated the solution of nuclei in a rocking chamber without any pelleting step. Third, a much higher intensity of light was used by Wiesehahn et al. (1977) to irradiate the nuclei. All of these differences could have caused different extents of conformational alteration and/or migration of histories in the chromatin and have thus modified the accessibility ofchromatin to the photoreaction. Wiesehahn et al. (1977) have demonstrated that in situ the photoreaction occurs preferentially in the internucleosomal regions. This would mean that the 180-200-nucleotide-long loops in the in situ cross-linked and in vitro denatured molecules are the segment of DNA protected by the histone cores. The reason that the photoreaction hardly occurs in the intranucleosomal DNA is not clear. We have shown that trioxsalen can also efficiently cross-link RNA helices (Isaacs et al. 1977) and DNA-RNA helices in solution. This suggests that trioxsalen is not able to differentiate among DNA, RNA, and DNA-RNA helices because of the vibrational freedom of these helices in solution. Thus, one possible explanation for the specificity of reacting sites would be that the DNA in the nucleosomes possesses a rigid secondary structure in which the double bonds of the intercalary trioxsalen and its neighboring pyrimidines cannot adjust themselves to the right orientations for the cyclobutane-forming cycloaddition to occur. Alternatively, the blocking of the photoreaction could happen at the intercalation step. Richards and Pardon (1970) have suggested that the amino-terminal tails of the histones interact strongly with the phosphates in the grooves of DNA helices. They could prevent the trioxsalen from getting in between the base pairs. Approximately 30% of the in situ cross-linked DNA (27.7% in total DNA and 33% in main-band DNA) appeared double-stranded and therefore unprotected. The distances between the adjacent cross-links in these unprotected regions are probably shorter than 300/~, the lower limit of loop resolution using the cytochrome c monolayer spreading technique. These double-stranded regions may represent either the DNA devoid of proteins inside the isolated nuclei or the chromatin portions where chromosomal proteins do not protect DNA effectively from the photoreaction.
The four nuclear satellite DNAs of D. melanogaster have been shown to be highly repetitive and located in the centric heterochromatin of the chromosomes (Rae 1970; Gall et al. 1971; Peacock et al. 1974; Goldring et al. 1975) . Recently, T. Nelson and D. Brutlag (pers. comm.) have demonstrated, by micrococcal nuclease digestion and Southern's gel-hybridization technique (Southern 1975) , that the chromatins of satellites I, II, and IV are all composed of nucleosomal subunits. In the limit digests, the DNA sizes of their nucleosome cores are the same as that of the bulk DNA (T. Nelson and D. Brutlag, pers. comm.), which has a core DNA approximately 140 base pairs long (G. Wiesehahn and J. E. Hearst, unpubl.) . If these three satellites are also composed ofnucleosomes, our data suggest that trioxsalen can cross-link the intranucleosomal DNA of satellites I and II easier than the main-band DNA since 87% and 77% of the in situ cross-linked satellites I and II, respectively, appeared double-stranded after denaturation. One or both of the following two possibilities could explain the difference between satellites I and II and the main-band DNA. First, the nucleosomes of satellites I and II may have different structures such that trioxsalen molecules are able to photoreact with the intranucleosomal DNA much easier. Second, satellites I and II may have a much higher frequency of cross-linkable sites, perhaps because of the large number of alternating AT base pairs in these satellites relative to main-band DNA. Thus, at the low level of photobinding (one covalently bound trioxsalen per 30-40 base pairs for in situ cross-linked satellites I and II), essentially all covalently bound trioxsalen may exist in the form ofdiadducts (interstrand cross-links). Another interesting feature of the in situ cross-linked satellites I and II is that they both have heavily cross-linked DNA regions with length multiples of approximately 250 base pairs. These results imply that the chromatins of satellites I and II are composed of subunits containing 250 base pairs of DNA that are more easily cross-linked than the nucleosomes containing the main-band DNA. Since the length of their intranucleosomal (core) DNA is the same as that of main-band (140 base pairs) DNA, the chromatins of satellites I and II must have longer internucleosomal spacings (110 base pairs) than that of main-band (40-60 base pairs). These regions could be associated with H1 histones and/or specific nonhistone proteins that are responsible for the packaging of satellite DNA I and II in heterochromatin. The broadness in the distributions of both the loops and double-stranded regions reflects the heterogeneity of the inter-and intranucleosomal regions with respect to their accessibility to the cross-link formation. The 120-and 250-base-pair loops may arise from a class of nucleosomes with a low frequency of intranucleosomal cross-linking. Alternatively, they could represent regions where specific chromosomal proteins, other than histories, protect the DNA from the photoreaction.
Both the binding values (covalently bound trioxsalen/base pair) and the average distance between adjacent cross-links of in situ cross-linked satellite IV indicate that, in nuclei, this satellite is inhibited with respect to photoreaction severalfold more than either the main-band DNA or other satellites. Since it is also in the nucleosomal structure, as demonstrated by the micrococcal nuclease digestion experiment (T. Nelson and D. Brutlag, pers. comm.), a specific class of nonhistone protein may interact with satellite IV in situ and protect most of its internucleosomal regions from the photoreaction. Our unpublished results have shown that satellite III isolated from cross-linked nuclei could also be cleaved (Manteuil et al. 1975; . Although there are no other experimental results indicating that satellite III is in the nucleosomal structure, our in situ data do show that the cross-links formed on satellite III inside the nuclei are at intervals of 180-200 base pairs. This is evidence suggesting the following: (1) The chromatin of satellite III is also composed of subunits containing the histone cores and DNA segments of 180-200 base pairs. (2) The internucleosomal DNA of satellite-III chromatin may be as accessible to the photoreaction as is the bulk DNA chromatin.
Satellite DNAs I, II, and IV of D. melanogaster consist of tandem repeats of simple sequences (Peacock et al. 1974; Brutlag and Peacock 1975; Endow et al. 1975) . The structure of the nucleosomes containing satellite DNA may be different from that of a random-sequence DNA because of the repetitiveness of the satellite DNAs. Our experiments do not resolve the details of such a difference, although the different cross-linking patterns suggest that such differences do exist.
